OBJECTIVE evaluation of the success of mitral commissurotomy is based on knowledge of the hemodynamic changes in the pulmonary circulation and left side of the heart before and after fracture of the valve. The information currently available has been obtained primarily from pressure recordings performed at the time of commissurotomy1-4 or from pressure recordings and simultaneous determinations of cardiac output performed weeks to months after the commissurotomy.5'2 Although serial observations have suggested a gradual postoperative decrease in obstruction to flow across the pulmonary circulation,5' 6, 10, 13 it has been recently proposed that the major change occurs as early as 9 to 12 weeks.' 4 15 On the basis of previous studies, however, it has been impossible to state whether the observed hemodynamic changes had occurred rapidly at the time of valve fracture or had taken place more gradually.
Although the importance of simultaneous flow measurement for proper interpretation of pressure changes has been recognized,1 3, 16 the determination of cardiac output at surgery has generally been neglected. The purpose of our investigation was to determine the immediate hemodynamic effects of commissurotomnv by making simultaneous measurements of cardiac output and pressures at the time of op Materials and Methods The subjects were 24 patients with mitral stenosis. Atrial fibrillation was present in 9; the remaining 15 had normal sinus rhythm. None showed clinical evidence of right ventricular failure.
All patients were lightly anesthetized with nitrous oxide and oxygen or divinyl ether. A no.-18 thin-walled Cournand needle was placed in the right brachial artery before the patient was positioned for operation. After the pericardium was opened and the patient's condition had stabilized, pressures were recorded by direct puncture simultaneously from the left atrium and left ventricle and from the pulmonary artery and left atrium. A carefully measured quantity of Evansblue dye was then injected into the left atrium; multiple blood samples were collected in a fraction collector at 1-second intervals thereafter from the indwelling arterial needle. All procedures were repeated approximately 45 minutes after commissurotomy when the patient's condition had again stabilized.
Intracardiac pressures were measured directly through no.-20 needles connected by rigid Nylon tubing to P-23D Statham strain gages, which fed into a multi-channel photographic oscillograph.? Mean pressure and diastolic pressure gradient across the mitral valve were obtained by planimetry. (Left atrial pressure was considered elevated if its mean exceeded 12 mm. Hg; 22 mm. Hg was taken as the upper limit of normal for mean pulmonary arterial pressure.)
Plasma was analyzed for Evans-blue dye with mierocuvettes in a Beckman DU spectrophotometer. Cardiac output, mean transit time, and volume from injection to sampling site (N-N) were calculated from the dye-dilution curves in the manner described by Hamilton and co-workers.17 Mitral valve area was estimated by the Gorlin formula,18 modified for simultaneous pressure recordings in the left atrium and ventricle.'9' 20 Pulmonary vascular resistance was calculated in the usual manner.
Results The data derived from measurements before and after commissurotomy are summarized in tables 1 and 2.
*Electronics for Medicine, Wlhite Plains, New York. Circulation, Volume XXII, October 1960 563 Table 1 Hemodynamic Data before and after Commissurotomy Pulmonary arterial pressure was elevatedl to a variable degree in 74 per cent of the patients. In 3 patienlts who had significanltly left atrial hypertenisioni, however, pulmxonary arterial pressure was essentially niormal. In 47 per cent of eases, the elevation of pressure in time pulmoniary artery was less than that in the left atriium,n resulting, inr a pressure gra dient across the pulmiionary circulation of less than 10 nmm. Hg. Preoperative pulmonary vascul-ar resistance ranged froimi 64 to 945 dynes second cm.
With 1 exception (patient C. G.), a :resistance greater than 200 dynles second cm. was found only in patienits having a nmitral valve area of 1.1 em.2 or less. Also, olnly 1 patient (G. F.) whose mitral valve area mneasured less than 1.1 Cem.2 had niormal pulmonary vascular resistanee. Thus, an appreciable inerease in pulmonary vascular resistance was almost always associated with tight mrlitral stenosis. No definite correlation could be found between the height of left atrial pressure anid pulmonary vascular resistance, except that whlien resistance was inereased, left atrial pressure was 16 umm. IIg,or more.
The average cardiac inidex wxas 2.9 L. per niinute per M.2 The mean for patients with atrial fibrillcation was 2.7, anid for those with niormal sinus rhythm, 3 Tlle averag(ye veantrl rieular eiid-d-iftstolie pies sure rose fromn 4 to 6 mm. Hg. This inerease was statistically sigrnificanit (p<.025). The averafge decrease in mean mitral diastolic pressuire grtadien'it was 1.1 ni rnm. T11W (figs. 1 and 2). The, liastoli( pressure gradienit wvas obliteraited in 4 of the 15 patients whose left atrial pressure fell to normal; in 11 patients there ivas a residual gradient of 2 to 8 mm. Hg.
Pulmonary arterial pr-essure decreased in all buit 1 ease (T.M.). In. 1 of the cases (D.E.) iii whieh a preoperative pressuire was not obtained, postoperaitive pressure w\ias markedly elevated. The averace decrease inmmediately after commissurotomv wvas 4 mnm. Hg (range. I to 12 mm. TT1w). Tn the majority of eases the drop in pulmonary arterial pressure wiras less than th e fall in left atrial pressuire. resulting(-r in a sligrht inerease in pressuire gr-adient hetwi.een the pullmonary artery to left atrial (fis. 3 and 4). This increase resulted in a slight blnt signifieant rise in. pul.monary vaseular resistance.
Cardia couitpult showed no consistent alteration (fics. 5 and 6). The largest sinvle inerease was 27 per cent, an{d the largest decrease was 21 per cent of the precommissurotomy value. Chtianges in eardiac output and the initial severity of the mitral stenosis did not appear to be related (fic. 7). No significant ehanwe was18 observed in mean tranisit time; the preoperative to postoperative ratio averaged 0.95 (p>0.5). Similarlyv, the \To'ume fromlinjection to samplingfl site, ealtulated as the product of 
Figure 3
Sinultaneous pulmonary artery and left a trial pressure immediately before (upper tracing) andl after com?n?mzisstrotont demon2str'ates the faill in left atrial pressure after valve fracture. Mfeain pulmo->eary artery pr,essure, ehich wacs elevalev l befor-e eonmissurotontj?/, fell somew-hat less thanf did the left uitrial pressure. the miieani tran-sit timne anid cardiac output, averag,edI 673 ml. anid was not consistently changtedl.
The left ventricular diastolic fillincr period, or the number of seconds iin eaclh mninute the maitral valve is opern, decreased postoperatively ( fig. 8 ), in all buit 1 patienit. The averace deeretae uvas 2.9 seconds every minute, or 8 per cenit of the average )reoperative vtalue. rThe heart rate was essentially unchanged in 11 patients. sonmewhat decreased in 10 patients, and slightly increased in 3. Calculations showed that chaniges in heart rate could have A consistent increase in the mean pressure gradient from pulmonary artery to left atrium was observed immediately after commissurotomy and, in the absence of a significant change in cardiac output, reflected an increase in calculated pulmonary vascular resistance.
accounted for the changes in diastolic filling period in only 3 patients.
Discussion
The preoperative hemodynamic findings were similar to those previously reported in patients with mitral stenosis severe enough to require commissurotomy. 1-9. 11, 13 The immediate results of valve fracture involved decreases of pressures in the left atrium, and, to a lesser extent, in the pulmonary artery, a slight rise of end-diastolic pressure in the left ventricle, but no significant changes in cardiac output.
Elevation of left atrial pressure results in passive distention of the pulmonary vascular bed and consequent lowering of the resistance to pulmonary blood flow. [22] [23] [24] If no secondary factor intervenes to produce an increase in resistance, an actual reduction may occur in the pressure gradient across the pulmonary circulation. This reduction presumably aecounts for the 3 patients in our series who had essentially niormal pulmonary arterial pressures preoperatively despite left atrial hypertension, and emphasizes that pulmonary hypertension, used by some,25 as a criterion in Figure 5 No significant difference between the indicator-dilution curves obtained before and after commissurotomy.
selecting patients for commissurotomy may be absent. On the other hand, in 10 other cases, pulmonary arterial pressure was disproportionately increased in comparison to atrial pressure, due to a secondary increase in the resistance to flow through the smaller branches of the pulmonary artery. Catheterization studies performed at intervals of weeks to months before and after commissurotomy have demonstrated varying results in regard to changes in cardiac output after the operation. 1011,15, 26 On the other hand, the present study clearly reveals that no increase results immediately after valve fracture. It would appear that some factor, apart from the mechanical relief of valve obstruction, is responsible for the discrepancy between studies demonstrating an increased output and ours. Presumably, this factor is the continued immediate postoperative persistence of pulmonary vasomotor tone.
In general, the contour of the indicatordilution curve did not change significantly after commissurotomy ( fig. 5 ). The rate of exponential decrease in dye coneentration from the left heart expressed as the reciprocals of the downstroke slopes (table 2) Cardiac output was not significantly changed immediately after commissurotomy. volume following left atrial injeetion,27 both before and after commissurotomy. This was expected in the absence of surgically produced mitral insufficiency in view of the unchanged cardiac output and N-N volume.
Since the dye was injected distally to the lungs, the N-N volume presumably reflects largely left atrial volume. Most values were in the same range observed at left heart catheterization in patients with surgically significant mitral stenosis in contrast to the larger volumes generally found with predominant mitral insufficieney.28 The relationship between N-N volume and mitral valve area is illustrated in figure 9 . Although this volume includes all portions of the arterial tree temporarily equidistant from the aortic root to the sampling needle in the brachial artery, an apparent linear relationship was observed between calculated mitral valve area and N-N volume. This would be unlikely to occur on the basis of differences in left atrial volume alone but may represent a decreasing arterial volume associated with the lowered cardiac output in severe cases of mitral stenosis. The failure of commissurotomy to affect significantly N-N volume is in accord with the absence of any change in cardiac output. No relationship was observed between the change in cardiac output with commissurotomy and the initial severity of the mitral stenosis as judged by the calculated mitral valve area.
Some assessment of the effect of anesthesia and an open chest on the hemodynamic measurements was obtained by comparing the preoperative cardiac catheterization data available in 13 of the patients with those obtained at surgery immediately before commissurotomy was performed. There was no significant difference between the cardiac outputs or the left atrial pressures. The ratios of cardiac output determined preoperatively to those measured at the table immediately before commissurotomy averaged 1.09 (S.D. = .24); ratios of pulmonary artery wedge pressures from preoperative catheterization or pressures from left atrial puncture to direct left atrial pressure determined at surgery averaged 1.16 (S.D. = .29).
When left atrial pressure is elevated, ventricular filling occurs partly during isometric contraction and relaxation, and therefore, total left ventricular filling period is increased.", 20 With the reduction in left atrial pressure postoperatively, the diastolic filling period is decreased ( fig. 8 ). Presumably, the ventricle then receives the same volume of blood during a shorter interval of time and the mitral valve limits the cardiac output to a lesser degree. The extension of this observa- Figure 8 The duration of diastolic filling period was decreased in a linear fashion as the mitral valve gradient was reduced and left atria,l pressure fell. surotomy is improvement in the ability of the heart to increase its output on exercise without significant elevation of left atrial pressure.
A small but significant increase in the calculated pulmonary vascular resistance occurred immediately after commissurotomy. This increase in resistance would be the expected result of the postoperative reduction in transmural distending pressure, provided there were no changes in vascular "tone. "29 Others have shown30' 31 that the converse situation, lnamely an increase in pulmonary venous traismural pressure, also need not result in a change in pulmonary vasomotor "tone." It would appear, therefore, that the immediate effect of relief of mitral valve obstruction on the pulmonary circulation is limited to a reduction in distending pressure and is without detectable effect on vasomotor "tone. " The mechanism that produces the marked increase in pulmonary vascular resistance in certain patients with mitral stenosis is unknown. The inerease has been variously attributed to structural narrowing of arterioles secondary to pulmonary venous obstruction32 and to vasoconstrictive reactions in response to various unknown factors. [33] [34] [35] Recently, Semler, Shepard, and Wood"4 have offered 
MVA CM2 Figure 9
A linear relationship as observed between the calculated mitral valve area and the volume from injection to sampling site calculated a;s the product of the cardiac output and mean transit time. The encircled dots indicate 4 additional patien-ts studied at surgery who had combined mitral stenosis and insufficiency. support for a vasoconstrictive reaction as the primary mechanism on the basis of postoperative measurements during cardiac catheterization. They have shown that the major decrease in pulmonary vascular resistance occurs within 2 to 5 weeks following surgery, presumably before significant regressive organie changes could occur. On the other hand, this study shows that, whatever vasodilator reaction may occur after commissurotomy, it is not immediate. Thus, irrespective of the mechanism responsible for inereasing pulmonary vascular resistance in mitral stenosis, the postoperative decrease does not seem to result imnmediately but occurs gradually, and no immediate direct relationship appears to exist between distending pressure and vasomotor " tone. "
Summary
The flow-pressure relationships within the pulmonary eircuit and left side of the heart were measured in 24 patients immediately before and just after mitral commissurotomy.
The diastolic pressure gradient across the mitral valve was decreased in all cases, but was Circulation, Volume XXII, October 1960 ,4J N N 570 20 r rarely obliterated completely. No significant change occurred in cardiac output; a shorter ventricular filling period and a consequent increase in mitral valve flow per unit of filling time was consistently observed. A decrease in mean pulmonary artery pressure generally occurred with valve fracture, but it was almost always less than the decrease in left atrial pressure. The result was an immediate postoperative increase in the pressure gradient and in the calculated resistance across the pulmonary circuit. These observations suggest that the reduction in left atrial pressure following mitral commissurotomy has no immediate effect on pulmonary vasomotor tone. Acknowledgment
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Summario in Interlingua
Le relation inter fluxo e tension intra le eircuito pulmonar e le latere sinistre del corde esseva mesurate in 24 patientes immediatemente ante e post le effectuation de commissurotomia mitral. Le gradiente del tension diastolic trans le valvula mitral esseva reducite in omne casos, sed su oblitteration complete esseva rar. Nulle alterationes significative occurreva in le rendimento cardiac. Un plus curte periodo de replenamento ventricular e un consequente augmento del fluxo mitral in le unitate de tempore de replenation esseva observate uniformemente. Un reduction del tension medie del arteria pulmonar occurreva generalmente con le fractura valvular, sed iste reduction esseva quasi semper minus mareate que le reduction del tension sinistro-atrial. Le resultato esseva un augmento immediatemente post-operatori in le gradiente de tension e in le calculate resistentia trans le eircuito pulmonar. Iste observationes pare indicar que le reduction del tension sinistro-atrial que seque commissurotomia mitral exerce nulle effecto immediate super le tono vasomotori del pulmon.
